Chemisorbed organosulfer self-assembled monolayers (SAMs) have become attractive to many studies in the field of analytical electrochemistry because this type of materials can be predesigned to introduce specific interactions between the monolayer and analytes [1] [2] [3] . Thus, the electrodes modified with SAMs can be tuned in term of sensitivity, selectivity and reproducibility in a relatively short time frame [4] [5] [6] . Since such prominent properties, SAMs have been widely used to modify electrodes for electrochemical analysis of heavy metal ions due to their severely harm human health at very low concentrations. Those numerous studies have been briefly reported in literatures [7] [8] [9] [10] .
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Though, the termini of SAM molecules are often composed of only one type of functional group, the chelation specificity is insufficient. Therefore, a way to improve effectiveness is to introduce multifunctional terminal groups so that the chelation discrimination between the interfering substances and analytes is enhanced. Many techniques have been employed to modify the electrode surface for the purpose of determination of heavy metal ions, such as chemical attachment of peptides on SAMs [11, 12] , formation of covalent or non-covalent bonds between the template molecules and functional monomers [13] [14] [15] , molecular imprinting on SAMs [16] , formation of multilayer assemblies containing heavy metal ions [17] , preparation of the gold interface in micro-/nanopore arrays containing thiol compound [18] or in microporous and mesoporous scale [19] , coadsorption of mixed functionalized SAMs [20] , adsorption of two components through separated steps [21, 22] . As a simple manner, use of multi-components to tailor the surface properties of SAMs can be more advantageous over the single component in specific analysis. There have been, however, relatively few studies of heavy metal determination by electrodes modified with mixed SAMs. For instant, a mixture of 3-mercaptopropionic acid and glutathione enhances the selectivity and sensitivity for Cu(II) analysis compared to the single glutathione SAM modified gold electrode [21] .
The present work was prompted by our previous discovery that PET SAM functionalized Au-NPs on glassy carbon electrode (GCE) can be employed for detection of Hg(II) [23] . Hence, the purpose of this study is to further improve the advantage of this type of SAM-modified electrode in determination of Hg(II) at ultra concentrations. Herein, we demonstrate a way to enhance the sensitivity of Hg(II) detection by introducing AET from solution into the original PET SAM to form binary SAMs. PET is employed because it can incorporate with Hg(II) at N-pyridine terminal. Besides π -π interaction between lateral pyridine rings that can stabilize PET SAM, its short alkyl chain can also increase electron transfer compared with alkanethiols having longer chains [24, 25] . Meanwhile, AET, having similar alkyl chain length is expected to adsorb on vacant sites between lateral PET molecules on Au-NPs to enhance the stability of PET-AET SAMs. In addition, NH 2 terminal group can also incorporate with Hg(II) due to Lewis base-acid mechanism. The binary SAMs, thus, has more capability in incorporating with Hg(II). Furthermore, effects induced by introducing AET into PET SAM affect the sensitivity of Hg(II) detection is also studied by FTIR to provide a closer look on the formation of the binary SAMs.
4-pyridineethanethiol hydrochloride (PET), 2-aminoethanethiol (AET) purchased from Wako Chemicals was used without further purification. Hg(NO 3 ) 2 stock solution (5.0 × 10 -3 M) purchased from Merck was used for dilution. More diluted solutions were prepared daily from the stock solution. All other reagent grade chemicals were used without further purification.
Electrochemical measurements were performed with a homemade potentiostat/galvanostat. A three-electrode configuration was used for measurements, which consists of modified GCE working electrode, calomel (saturated) reference electrode and Pt counter electrode.
Scanning electron microscopy (SEM) images were obtained with a Hitachi S-4800 instrument at acceleration voltage of 15 -20 kV and a working distance of 4-5 mm.
FTIR measurement was recorded at atmospheric pressure with a FTIR-6300 spectrometer with a liquid-nitrogen cooled narrow band data recorded with a resolution of 4 cm -1 using p-polarized radiation at an incidence angle of 45 o relative to the surface normal.
The GCE was prepared by cutting available plate-shaped glassy carbon (Tokai GC-20 company, NY) into cylinder-shape and mounting into teflon tubes holder so that only a circular area of 0.071 cm 2 (roughness factor, ρ = 1.2) was exposed to the electrolyte. Electrochemical pretreatment of GCE used for further modification was described in elsewhere [23] .
Electrochemical deposition of Au-NPs on the GCE (AuNPs/GCE) surface was carried out at potential of + 0. Binary SAMs composed of PET and AET (PET-AET SAMs) was prepared by immersing the original PET SAM into ethanolic solution of AET with various concentrations for duration from 1 to 60 minutes to study relative effects.
The characteristics of SAMs functionalized Au-NPs/GCE was investigated by cyclic voltammetry (CV) for reductive desorption. Measurement was performed in 0.5 M KOH solution, from 0.0 V to -1.2 V at scan rate of 0.1 V. s -1 . Detection of Hg(II) was achieved with following steps. First, Hg(II) was pre-concentrated on SAMs/Au-NPs/GCE in a 0.1 M KCl + HCl solution, pH 6.7 under open circuit potential, stirring at 60 rpm. Next, desorption cathodic potential at -0.6 V was applied in 0.1 M KCl + HCl solution, pH 3.0 for 60 s to reduce Hg(II) to Hg(0). Finally, the differential pulse voltammetry (DPV) was employed to measure the reoxidation peak current of Hg(0) (i Hg0 ) with the potential was scanned from + 0.3 V to + 0.7 V; pulse amplitude 0.050 V; pulse time 0.040 s; voltage step 0.005 V; step time 0.08 s; sweep rate 0.05 V s -1 . All measurements were performed at room temperature.
The macroscopic characteristics of SAMs of PET, AET and binary PET-AET SAMs on Au-NPs/GCE studied by electrochemically reductive desorption technique are shown in Fig. 1 , as described in literatures [26, 27] . Only a reduction peak of AET-SAM appears at potential, E = -0.80 V. Since the area under the peak, the charge was estimated to be 62.8 µC.cm -2 . In the case of PET-SAM, the voltammogram shows a peak at E = -1.02 V with the charge of 75.3 micro C.cm -2 . These obtained values of charge suggest the formation of full surface coverage of monolayers on Au(111) [28] . Our previous results revealed that Au-NPs prepared under the experimental conditions are mainly Au(111) terrace having diameter of around 70 -80 nm as typically shown in inset [23] . In addition, on the voltammogram recorded for PET-SAM, a hump also appears at potential of -0.78 V, corresponding with weak lateral interactions of PET molecules in clusters [27] . When AET is introduced into the original PET-SAM from solution, the reductive desorption voltammogram of PET-AET SAM is almost similar with that of PET-SAM, except a slightly shift of the peak around 23 mV to the negative direction. This evidence indicates that binary SAMs is more stable due to not only π -π interaction between pyridine rings [29] , but also the increase of van der Walls interactions between lateral alkyl chains of PET and AET molecules.
The advantage of PET-AET SAMs in improving the sensitivity of Hg(II) detection is demonstrated by the term of peak current as shown in Fig. 2 , in which typical voltammograms were recorded by employing SAMs functionalized Au-NPs/GCE. A well-defined peak can be clearly observed at E = + 0.53V in all curves, corresponding to the reoxidation of Hg(0) on the SAM surfaces. This result indicates Hg(II) in solution can also incorporate with NH 2 terminal groups of AET SAM. Interestingly, introduction of AET into PET SAM makes the value of i Hg0 rapidly increases to 1.85 µA, though, this term recorded for SAMs of AET and PET are 0.35 and 1.06 µA, respectively. The exceeding value of i Hg0 is much over to that obtained by PET-SAM, about 85 %. This result is due to not only the presence of NH 2 terminal groups but also a contribution of effects caused by introduction of AET.
To have a closer look on these effects, we examined kinetic formation of PET-AET SAMs by FTIR technique. For this purpose, the concentration of AET in solution was selected at 1.0 × 10 -3 M to investigate immersion time (t immer. ). In fact, this concentration was selected from investigations of AET concentration dependence of i Hg0 as discussed in the section below. Fig. 3 shows FTIR spectra of different SAMs with most prominently visible bands corresponding assignments based on literatures [30] [31] [32] [33] . Briefly, bands at 868, 1090, 1179, 1297, and 1496 cm -1 are assigned to (C-H) wagging, CH 2 wagging + (C-C) ring bending, CH 2 wagging + (C-H) ring deformation, (C-H) ring deformation + (C-N) stretching, and (C-C) ring + (C-H) ring deformation. In spectra, extremely weak bands ascribed to CH 2 stretching vibrations in high frequency region are not shown. As seen in curves (a,b) recorded for SAMs of PET and AET SAM, respectively, a similarity in bands except a slightly higher band intensity at 1297 cm -1 is observed. This is likely due to the surface of NH 2 little more perpendicular than that of pyridine ring with respect to the surface. When introducing AET into the PET SAM with various t immer. , from 1 min. to 20 min., the increase of intensities is visible in curves (c-e). Of those, the bands at 1297 and 1179 cm -1 more rapidly raise. This is due to the fact that, initially, when PET SAM is immersed in solution of AET, molecules transfer to the electrode surface and adsorb on vacant sites on AuNPs, followed by a change their orientation from lying-down phase to standing-up phase for stabilization [34] [35] [36] . This process makes the surface of alkyl chain become more perpendicular to the surface. However, only a change in orientation of alkyl chain that is not able to result in such rapid increase of intensities because the spectra of SAMs of PET and AET prepared over night show much lower intensities, as seen curves (a, b). Furthermore, prolongation of t immer. increases density of methylene groups in the binary SAMs, but this is not a reason for raising such bands, which rather depends on the dipole moment of bonds in molecules. Therefore, we argued that the significant increase of intensities was a predominant contribution from conformation of pyridine ring.
However, further prolongation of t immer. induces a trend of decrease in the intensities as shown in curves (f,g). We elucidated that this phenomenon is time dependence of intermolecular interactions between functional terminal groups in the nearest neighbor molecules in the binary SAMs. This is because these intermolecular interactions easily occur when molecules achieved standing-up phase. Herein, AET is not strongly surface-active due to short alkyl chain length [37] , it, thus, needs time to approach to this phase for stabilization [38] . Reinforce for this process is not only van der Waals interactions but also intermolecular interactions between NH 2 terminal group and adjacent N-pyridine to form hydrogen bonding: (AET) HN-H….N (pyridine). In which AET and PET can act as proton donor and proton acceptor, respectively. The formation of such hydrogen bonding is relative to delocation in π-electron system of the ring, strengthening (C-H) as well as (C-N). This consequence leads to the decrease of intensities in infra-red spectra, as presented in literatures [39] [40] [41] .
Thus, introduction of AET into the original PET SAM can be described as following: AET transfer from the bulk solution near the PET-SAM surface to vacant sites on Au-NPs for adsorption. This process can easily take place because of length 1.1 Å per methylene unit [42, 43] accommodating to the distance between the centers of two neighboring pyridine rings, from 3.89 to 4.72 Å [44, 45] . Following, the orientation of AET molecules for stability triggers lateral PET molecules, leading to conformation of pyridine ring at bonds of C-C and C-N [46] , and followed by hydrogen bonding formation after a while.
Since those effects are consequences of kinetic processes, we, thus, study influences of t immer. on the sensitivity of Hg(II) detection . . As seen in Fig. 4 , the variation of i Hg0 can be divided into three time regions: increase of i Hg0 for first ten minutes from the value of 1.0 µA, followed by a plateau at the value of 1.8 µA in next about 10 minutes, and after that the value tends lowering. This variation indicates that the incorporation of Hg(II) with terminal groups of the binary SAMs affected by processes in the formation of binary SAMs. The initial duration is essential to stabilize AET molecules adsorbed on vacant sites. This duration is consistent with that reported for complete adsorption of alkanethiols on gold surface from 10 -100 min [47] . Hence, Hg(II) will mainly incorporate with pyridine terminal in preconcentration step. When t immer. is sufficiently long time, approximately 10 to 20 minutes, AET can approach stability in binary SAMs. Hg(II), thus, can incorporate with both NH 2 and pyridine terminal groups possessed the conformation, leading to the increase of i Hg0 . However, more prolongation of t immer. causes the formation of intermolecular hydrogen bonding, that can reduce the incorporation with Hg(II). This is due to the formation of hydrogen bonds leading to reducing electronegativity in N-atom in pyridine ring. In addition, a sufficiently long time makes AET molecules can also form hydrogen bonding on the SAMs surface with PET molecules existing in clusters, preventing incorporation with Hg(II) in preconcentration step. Such formation of hydrogen bonding on the surface of binary SAM is similar with supramolecular interactions reported by other authors [49, 50] . Hence, the variation of i Hg0 is consistent with results obtained by FTIR technique.
As argued, the conformation in PET-AET SAM plays the role in enhancing the value of i Hg0 . Hence, for the binary SAM, i Hg0 should be affected by concentration of AET in solution. This is because adsorption on the surface of molecules depends on their concentration in solution [48] . To prove this argument, we examined variation of i Hg0 at various concentrations of AET as shown in Fig. 5a . A seen, there are two distinct regions of i Hg0 : a plateau in low concentrations, followed by a decrease of i Hg0 in high concentrations. This evidence clearly indicates that the conformation of molecules in the binary SAMs is affected by number AET molecules introduced from solution. Although in the low concentrations, the number of AET molecules is still sufficient to adsorb onto vacant sites on AuNPs and trigger the adjacent PET molecules to result in conformation. In the higher concentrations, the number AET molecules transfer to the surface become abundant compared with that adsorb on vacant sites. The exceeding AET molecules, thus, are able to form hydrogen bonding on the SAMs surface. Hence, the decrease of i Hg0 by increasing concentration of AET is similar with increasing immersion time in this solution. This argument was also examined by FTIR as shown in Fig. 5b . As seen, the intensity of bands also tends to decrease with increasing the concentration of AET. This trend is similar with that when increasing immersion time in AET solution of 1.0 × 10 -4 M over 30 minutes. Application capability of PET-AET SAMs to determination of Hg(II) is depicted in Fig. 6 . It is noted that, in order to evaluate the sensitivity of the binary SAMs, we just focused on low concentrations, ≤ 4.97 × 10 -9 M Hg(II). In this range, the linear dependence of i Hg0 on the concentrations of Hg(II) in solution is wider than that obtained for PET SAM. The binary SAM, hence, gives the detection limit estimated from three times the standard deviation of the back ground noise (s/n = 3) of 3.85 × 10 -12 M, which is approximately three times lower than that given by PET SAM. RSD varied in the range of 1.3 -4.8 % (n = 3).The linear relations between i Hg0 and concentration of Hg(II) in solution is depicted by equations shown in the figure, indicating application capability in analysis of Hg(II).
In our contribution, introduction of AET from solution into the origin PET SAM to form binary PET-AET SAMs for enhancing the sensitivity of Hg(II) detection has been investigated. It has been found that immersion in low concentrations of AET for short time leads to significantly improve the reoxidation peak current of Hg(0). Whereas, immersion in high concentrations of AET for longer time induces the decrease of this peak current. Since results obtained by FTIR, we have elucidated that these effects correspond to conformation of pyridine ring and hydrogen bonding between PET and AET molecules. Obtained results can bring closer look on effects of introducing the second component into the original SAM by adsorption method, as well as their capability in electrochemical analysis of Hg(II). This work was supported by Grant-in-Aid for projects belong to the sections of science and technologies in priority of Viet Nam Academy of Science and Technology (VAST 07.03/13-14). 
